INTRODUCTION
Cnidarian medusae are significant and sometimes dominant predators in coastal and open ocean ecosystems and are capable of substantially reducing standing stocks of prey (Purcell et al. 1987 , Purcell & Grover 1990 . Their ecological role has the potential to become more pronounced in response to jellyfish population increases as marine ecosystems undergo environmental changes (Purcell 2005, Richardson dation in hydromedusae can elucidate how different morphologies might be suited to specific prey types (Greene 1988 , Regula et al. 2009 ).
One morphological feature, the fineness ratio (bell height/width), correlates with both swimming and foraging strategies (Costello & Colin 1995 . In oblate (disc-shaped) medusae with low fineness ratios, the cycles of bell contraction and relaxation generate vortices for propulsion as well as for prey entrainment (Ford et al. 1997 , Katija et al. 2011 . Medusae that feed and swim in this way are considered feeding-current predators. In prolate (bullet-shaped) medusae with higher fineness ratios, swimming and feeding are decoupled . Prolate medusae feed by extending their tentacles while remaining stationary in the water column (Purcell 1981 , Greene 1985 and rely on prey colliding with the tentacles; thus they are considered ambush predators (Madin 1988 , Hansson & Kiørboe 2006 , Regula et al. 2009 ).
In addition to swimming and foraging strategies, tentacle arrangement and spacing influence how medusae encounter prey (Madin 1988) . For example, the scyphozoan feeding-current medusa Chrysaora quinquecirrha does not capture prey uniformly along the length of the tentacles; instead, most prey are captured at the proximal part of the tentacles, closer to the bell margin (Ford et al. 1997) . Prey capture locations have not been studied in other cnidarian medusae, and we lack an understanding of how prey are captured along the tentacles of ambush-feeding medusae.
Once medusae encounter prey, nematocysts in the tentacles capture and retain the prey item. Previous morphological descriptions of hydromedusae have recognized different patterns of nematocyst distribution and density in the tentacles. For instance, nematocysts can be more concentrated to one side of the tentacle or at the tentacle tips, and can be either evenly distributed or arranged in clusters (Bouillon 1985 , Purcell & Mills 1988 . Nematocyst density is a relevant factor that can determine capture efficiency, since adherence force between the predator's tentacles and prey increases with the number of nematocysts fired (Thorington & Hessinger 1996) . It is unclear, however, if the patterns of nematocyst distribution are related to prey capture locations and foraging strategy.
Nematocyst type also mediates prey selectivity. Medusae of the orders Trachylina and Antho atecata, which feed on crustaceans, have nematocyst types that either penetrate or adhere to the prey surface, whereas Leptomedusae, which eat mostly softbodied prey such as gelatinous zooplankton and eggs, lack surface-adhering nematocysts (Purcell & Mills 1988) . Adherence force between the predator and prey can change depending on the amount of each nematocyst type fired (Thorington & Hessinger 1996) ; thus the density of each nematocyst type is another determinant of prey selection.
Using a comparative approach, we analyzed the relationship between prey capture and nematocyst distribution in 6 species of coexisting hydromedusae with distinct morphologies and predatory modes: the prolate ambush predators Aglantha digitale (O.F. Müller, 1776), Proboscidactyla flavicirrata (Brandt, 1835) and Sarsia tubulosa (M. Sars, 1835), and the ob late feeding-current medusae Clytia gregaria (Agassiz, 1862), Mitrocoma cellularia (Agassiz, 1862) and Aequorea victoria (Murbach & Shearer, 1902 
cellularia).
Then we analyzed tentacle images of all 6 species to determine whether nematocyst density and distribution varied among species with different morphologies and feeding modes.
MATERIALS AND METHODS

Specimen collection and handling
For the behavioral and morphological studies, we hand-collected specimens of the ambush predators Aglantha digitale, Proboscidactyla flavicirrata and Sarsia tubulosa, and the feeding-current predators Aequorea victoria, Clytia gregaria and Mitrocoma cellularia from surface waters off the dock at Friday Harbor Marine Laboratories, Washington, USA during June and July 2015. Organisms used for behavioral analyses were maintained, unfed, in an aquarium with running sea water for a period of 24 h before video recording commenced.
Analysis of prey capture locations
Videos for behavioral analyses were made using a Sony HD Digital Video Camcorder recording at 30 frames s −1 . Filming vessels (12.5 × 6.5 × 2.5 cm) were filled with sea water and contained a single hydro -medusa plus hatched Artemia nauplii. Artemia nauplii are a useful prey type when the main goal is to analyze a predator's behavior, since nauplii are readily captured and ingested by the cnidarian predators in this study and do not exhibit strong escape responses (Ford et al. 1997 . A collimated white LED light with a diffuser filter was placed behind the filming vessel and directed at the camera lens to create bright field illumination and enhance contrast of the predator and prey bodies. When the hydromedusa was small (< 5 mm diameter), a 10× magnifying lens was placed in front of the camera lens to decrease the field of view. Since A. digitale consistently swam away from the filming area, these medusae were tethered to a capillary pipette using methods similar to Regula et al. (2009) . Based on our observations, this procedure did not inhibit feeding behavior. Due to the larger size of M. cellularia, these observations were conducted in a 22.5 × 16.5 × 7.5 cm vessel. Sarsia tubulosa has very long tentacles and A. victoria has a large bell diameter compared to the other species, which precluded feeding behavior observations in these species.
Capture was defined as prey attaching to the tentacles for more than 1 s (Hansson & Kiørboe 2006) , and measurements were limited to events within the focal plane. Prey capture locations were measured based on the distance from the bell margin (d) using ImageJ (National Institutes of Health). This distance was standardized by the equivalent spherical diameter (ESD) of each individual hydromedusa. ESD is defined as the diameter of a sphere with the same volume of an animal (Pitt et al. 2013) , and for medusae the volume can be estimated as half the volume of a hemi-ellipsoid: [( 4 -3 πhr 2 ) ÷ 2], where h is the bell height and r is the bell radius. This standardization allowed for comparisons between medusae with different morphologies (Hirst et al. 2003 , Pitt et al. 2013 .
Nematocyst density and distribution in the tentacles
To measure nematocyst distribution, medusae were placed in a solution of MgCl · 6H 2 O in fresh water (~5% m v −1 ) for 5 min, and tentacles were removed from the umbrellar margin. Tentacle length was measured when relaxed, prior to dissection. Once dissected, the tentacle was placed on a glass slide and photographed from the base toward the tip using a Nikon E 600 microscope equipped with phase and differential interference optics.
Tentacle bulbs were excluded from the analyses since nematogenesis occurs in this region (Denker et al. 2008) . If the tentacle remained contracted or was torn, damaged, or stretched either during the dissection process or when placed between the slide and the cover slip, the sample was discarded. Multiple tentacles from the same individual were dissected in instances where there were limited specimens available. Images were collated using Adobe Photoshop CS5 and the full tentacle picture was divided into 10 equal sections, with 0% representing the tentacle base and 100% representing the full tentacle length. This method allowed for direct comparisons between tentacles of differing lengths. Using ImageJ, a minimum of 5000 µm 2 of the tentacle area was examined to obtain the number of nematocysts per 1000 µm 2 , similar to Regula et al. (2009) . Nematocyst types were identified according to the capsule sizes repor ted in Purcell & Mills (1988) and using the nomenclature established by Östman (2000) . In some cases more than one tentacle was analyzed per individual; thus, the numbers of individuals analyzed per species are reported as 'N' and the tentacle sample sizes are reported as 'n'.
Morphological and behavioral data analysis
The standardized capture distance (d/ESD) and nematocyst density (nematocysts per 1000 µm 2 ) were averaged across individuals, and non-parametric Kruskal-Wallis (KW) tests were used to compare means of these variables in the species analyzed. We also performed KW tests to compare the means of each nematocyst type in A. digitale, P. flavicirrata, S. tubulosa and A. victoria. Data for each species were pooled across individuals, and weighted arithmetic means were reported since there were more observations from some individuals than others. If the differences among rank means were significant, post hoc comparisons between species were made with a Bonferroni-Dunn test. To assess the spatial distribution of nematocysts in each medusa species, linear re gressions were performed to determine how nemato cyst density changes along the tentacle length. Positive slopes indicated increasing nematocyst densities towards the tentacle tips, whereas negative slopes indicated decreasing nematocyst den sities. All analyses were performed in RStudio 0.98.1091. KW and Bonferroni-Dunn tests were performed using the 'dunn.test' package (Dinno 2016) following Dunn (1961) .
RESULTS
Prey capture locations
Artemia nauplii were captured at different locations relative to the bell margin in the different hydromedusa species (KW χ 2 = 83.18, df = 3, p < 0.001; Fig. 1 Table A1 ). In addition to capture distance, the dispersion of captured prey along the tentacles differed between foraging strategies. Capture locations were more dispersed in the ambush me dusae while feeding-current medu sae captured most of their prey in a localized region adjacent to the bell (Fig. 2) .
Nematocyst density and type across species
The hydromedusae species had different total ne matocyst densities (KW χ 2 = 179.77, df = 5, p < 0.001; Table 1 , Fig. 3 , Table A1 ). The feeding-current predators had higher nematocyst densities compared to the ambush predators. M. cellularia had the highest nematocyst densities of all species examined. Table 1 shows weighted means for each nematocyst type. All 3 feeding-current species analyzed had predominantly mastigophore nematocysts. Aequorea victoria had a second nematocyst type (isorhizas), however, the mastigophore density was higher than that of isorhizas (KW χ 2 = 103.581, df = 1, p < 0.001). In contrast, ambush predator species each had 2 nematocyst types with 4 total types represented. A. digitale had similar densities Table A1 in the Appendix); small dots: each capture location measurement of micro basic euryteles and stenoteles (KW χ 2 = 0.038, df = 1, p = 0.84). Probos cidactyla flavicirrata also had similar densities of des monemes and mastigophores (KW χ 2 = 0.727, df = 1, p = 0.39), but Sarsia tubulosa had 5 times more des monemes than stenoteles (KW χ 2 = 85.908, df = 1, p < 0.001).
Nematocyst distribution along the tentacles
The distributions of nematocysts on the tentacles were different among the species analyzed. In the ambush predators P. flavicirrata and S. tubulosa, nematocysts were arranged in clusters (Fig. 4B,C) , whereas in the other species nematocysts were dispersed along the tentacles (Fig. 4A,D−F) . Nematocyst density increased in a distal direction along the tentacles of the ambush predators A. digitale, P. flavicirrata and S. tubulosa (Fig. 5A−C) . A. victoria had a uniform nematocyst density throughout the tentacle length (Fig. 5D) , and the feeding-current predators C. gregaria and M. cellularia had higher nematocyst densities in the first half of the tentacle length (Fig. 5E,F 
Ambush predators
Aglantha digitale (n = 9, N = 4) − − 2.8 ± 1.2 − 2.9 ± 1.9 5.7 ± 2.8 Proboscidactyla flavicirrata (n = 6, N = 5) 2.1 ± 0.8 − − 2.3 ± 1.0 − 4.4 ± 1.8 Sarsia tubulosa (n = 7, N = 3) 4.9 ± 1.7 − − − 1.0 ± 0.5 5.8 ± 2.0
Feeding-current predators
Aequorea victoria (n = 7, N = 6) − 0.9 ± 0.4 − 6.1 ± 3.9 − 7.0 ± 4.1 Clytia gregaria (n = 6, N = 5) − − − 11.1 ± 2.1 − 11.1 ± 4.7 Mitrocoma cellularia (n = 5, N = 4) − − − 15.4 ± 2.2 − 15.4 ± 4.3 Table 1 . Nematocyst densities (no. per 1000 µm 2 ) and types in the hydromedusae species analyzed, reported as weighted means (± SD) for individuals with repeated tentacle measurements (n = number of tentacles, N = number of individuals) Fig. 3 . Nematocyst densities for Aglantha digitale, Proboscidactyla flavicirrata, Sarsia tubulosa, Aequorea victoria, Clytia gregaria and Mitrocoma cellularia. Each small dot represents a single density measurement from one section of the tentacle, grouped in vertical lines for each individual. N: number of hydromedusae per species; n: total number of tentacles analyzed for all individuals of that species. For species with 2 nematocyst types, large dots represent total mean nematocyst density for each species. Error bars: SD (only presented for total nematocysts). Different letters above error bars represent significant differences across rank means (Bonferroni-Dunn test; see Table A1 in the Appendix) 
DISCUSSION
Feeding rates and prey selection patterns are determined by the outcome of different stages of the feeding process. The feeding process consists of the encounter, capture and ingestion stages, and prey may escape from the predator at any stage of this process. The encounter process and how it influences feeding rates and prey selection has been well described for ambush and feeding-current medusae (Hansson & Kiørboe 2006 , Regula et al. 2009 , Katija et al. 2011 . However, much less is understood about how the post-encounter stages compare between ambush and feeding-current medusae. It has been shown, however, that post-encounter success is critical for determining the predatory impact of gelatinous predators . Our feeding observations revealed that prey were not captured uniformly along prey capture surfaces, and that capture locations related directly to foraging mode. Ambush predator medusae captured more prey further from the bell compared to feeding-current medusae (Fig. 2) . In addition, the density, distribution and type of nematocysts related to foraging mode. Consistent with prey captures, ambush-feeding me dusae had higher nematocyst counts toward the tentacle tips ( Fig. 5A−C) . In contrast, the nematocysts of the feeding-current predators were either distributed evenly along the tentacle length or were denser near the bell margin (Fig. 5D−F) . Furthermore, relative numbers of nematocysts of different types varied among species (Table 1) . These results help explain the different prey capture patterns of the hydro medusae.
Comparative prey capture locations
The prey encounter volume of a hydromedusa is based on the tentacle number and positioning of the tentacles around the bell (Madin 1988) . However, capture within this encounter volume is also affected by each species' behavior (Madin 1988 , Ford et al. 1997 , Colin et al. 2005 . For instance, oblate medusa with disc-shaped umbrellas are considered feedingcurrent predators; with each bell contraction and relaxation they create starting and stopping vortices, respectively, that circulate fluid through the tentacles , Dabiri et al. 2006 , Katija et al. 2011 . The starting vortex entrains fluid adjacent to the bell and transports it through the tentacles near the bell margin then downstream from the bell (Dabiri et al. 2006 , Katija et al. 2011 . Transport of fluid through the tentacles continues during bell expansion as the stopping vortex entrains and transports more fluid through the tentacles near the bell and up into the subumbrellar cavity (Dabiri et al. 2006 , Katija et al. 2011 . Consequently, flow during both phases of the swimming cycle moves fluid through the tentacles near the bell and results in captures close to the bell margin (Fig. 2C,D , Ford et al. 1997) . Understanding how prey are transported during this process in conjunction with nematocyst and capture locations reveals that capture surfaces near the bell appear to be most important in the feeding process for feeding-current medusae. For example, we saw that for both Clytia gregaria and Mitrocoma cellularia, the combination of flow and morphology resulted in most captures occurring adjacent to the bell margin, with number of captures and nematocyst densities declining with distance from the bell.
Captures by ambush-feeding medusae were more randomly distributed (Figs. 1 & 2A−B) . Most gelatinous ambush predators feed by remaining stationary in the water column with their tentacles extended (Colin et al. 2003) ; capture occurs when prey collide with the tentacles (Gerritsen & Strickler 1977 , Purcell 1981 , Greene 1985 , Costello 1992 ). The distance between adjacent tentacles increases further from the bell margin (Madin 1988) . This would serve to lower encounter rates with prey with distance from the bell. However, nematocyst densities increase with distance from the bell and this should increase capture efficiencies, which may compensate for decreased encounter rates. Thus, it is likely that the combined effects of morphology on encounters (i.e. tentacle array) and captures (i.e. nematocyst distribution) result in capture locations occurring more uniform ly along the length of the tentacles of ambushing medusa.
Spatial nematocyst distribution in the tentacles and prey capture
Tentacle traits such as high nematocyst densities at capture locations in medusae will likely increase capture efficiency (Regula et al. 2009 ). Several studies have documented increased nematocyst densities in the regions of the medusan body where prey are captured. For instance, in Cyanea capillata the relative importance of different anatomical structures used in prey capture can change during ontogeny due to mechanical constraints, and nematocyst density is higher where prey captures are more frequent (Higgins et al. 2008) . The small leptomedusa, Obelia sp., only overcomes viscous boundary layers at the tentacle tips during rapid contractions, allowing for prey cap-ture at these surfaces; correspondingly, nematocyst numbers are highest at the tentacle tips (Sutherland et al. 2016) . 'Tentacle first' swimming be havior in cruising medusae such as Solmissus incisa maximizes stealthy prey capture (Raskoff 2002) ; nematocysts are located only on the upper side of Solmissus tentacles, which has been interpreted as an indication of prey capture location (Mills & Goy 1988) .
Decreasing, increasing or constant nematocyst density toward the tentacle tips such as the ones described here for ambush and feeding-current hydromedusae species (Fig. 5) could have a significant effect on the transfer efficiencies of variable prey types, since capture locations are different for each species (Fig. 2) and adherence force between the prey and the capture surface of a predator is determined in part by the number of nematocyst fired in each encounter (Thorington & Hessinger 1996) .
Differential nematocyst density, type and prey selectivity
Prey selectivity is affected by the number and type of nematocysts discharged during each prey capture event but there may not be a straightforward relationship between number of nematocysts and prey size. For instance, siphonophores that feed on large prey tend to have fewer nematocyst batteries per tentacle (Purcell 1984) . We found that ambush predators, which feed on relatively large prey, had low nematocyst densities compared to the feedingcurrent hydromedusae that eat small prey (Table 1, Fig. 3 ). Ambush-feeding Aglantha digitale and Sarsia tubulosa ingest copepodites and adult copepods (Purcell & Mills 1988 and Proboscidactyla flavicirrata primarily consumes veliger larvae (Purcell & Mills 1988 . The feeding-current medusae C. gregaria and M. cellularia had the highest nematocyst densities of all species analyzed (Table 1) ; both species prefer smaller prey items such as invertebrate eggs (Purcell & Mills 1988 .
Prey selectivity also relates to the predator's nemato cyst type. Desmonemes usually adhere to the surface of hard-bodied prey, isorhizas penetrate softbodied prey and mastigophores and stenoteles can either adhere to or penetrate prey (Purcell & Mills 1988) . It has been noted that ambush-feeding medusae consume hard-bodied prey and usually have 2 types of nematocysts; in contrast, feeding-current medusae that feed upon soft-bodied prey have a predominant nematocyst type, which are usually mastigophores (Purcell & Mills 1988) . We found that the ratios of different nematocysts can also vary. S. tubulosa had 5 times more desmonemes than stenoteles, whereas the other ambush-feeding species had similar densities for both nematocyst types. Aequo rea victoria also had an imbalanced proportion of 2 nematocyst types, with 6 times more microbasic mastigophores than isorhizas (Table 1, Fig. 3 ). Since adherence force between tentacle and prey can change according to the number and the kind of discharging cnidae (Thorington & Hessinger 1996) , it is likely that differential densities of each nematocyst type would produce variable adherence force be tween the prey and the tentacle surface, which would either prevent or facilitate attachment to the tentacles.
CONCLUSIONS
Understanding how morphological traits mediate predator−prey interactions allows us to predict how a given predator might affect the community composition of lower trophic levels. This might be especially relevant for changing marine ecosystems where planktonic predators such as medusae can become highly abundant due to accelerated reproductive rates (Purcell 2005) . Despite an increasing recognition that gelatinous predators help structure food webs, small hydromedusae (<1 cm) remain understudied even though they represent most of medusan diversity (> 60%; Colin et al. 2005) . The relationships among functional morphology and dietary niches of coexisting hydromedusae are key for understanding the ordering principles that determine trophic patterns in these organisms . Here, we demonstrated that the interaction between morphological and behavioral traits determines prey capture locations. Furthermore, locations of prey capture and nematocyst distribution in the tentacles change according to guild associations of hydromedusae. Differences among these traits might also be related to the distinct prey selectivity patterns within species with similar feeding modes. This traitbased understanding of the functional roles of marine predators will be useful for incorporating the predatory impact of less-studied gelatinous predators into food web models. 
